The fatigue crack growth modeling that based on linear fracture mechanics under the Mode I condition provided a good estimate of the stress intensity range for subsurface crack growth in or near -type titanium alloys. Based on the relationship between crack growth rate and stress intensity factor range, the fatigue crack propagating life was evaluated by the Paris rule. The subsurface crack initiation process consumed a large number of cycles to failure. Microstructure may strongly affect on not only subsurface crack initiation but also crack growth. The microstructural modification to prevent microcrack growth should be taken into account.
Introduction
Subsurface crack generation in the high-cycle fatigue of -titanium alloys is dominant at lower stress regime and lower temperature. [Umezawa and Nagai (1997) ] The crack initiation sites appear at crystallographic facets such as the (0001) transgranular cracking. [Yokoyama et al. (2000) ] The opening stress should act on (0001) and introduce a microcracking, since pyramidal slip can be hardly active due to its very high critical resolved shear stress. [Morita and Umezawa (2011) ] Since the crack initiation site size is mainly controlled by K th threshold concept, [Umezawa et al. (1990) ] much attention should pay the microstructural control to increase high-cycle fatigue strength, which prevents microcrack growth and coalescence. The fatigue crack growth modelling that based on linear fracture mechanics under the Mode I condition provided a good estimate of the stress intensity range of subsurface or surface and fatigue crack growth, enabling the estimation of the crack propagation life for Ti-6Al-4V alloys. [Hamada and Umezawa (2009)] In the present study, this evaluation was applied to α or near α-type titanium alloys with various morphologies, and effects of crystallographic orientation arrangement of α grains on their fatigue crack growth behaviour have been studied.
Procedure

Materials and samples
The test alloys were three kinds of commercially pure titanium, CPTi JIS types 1, 2 and 3 in the mill annealed condition, and near α-type TiFeO. The chemical compositions (mass%) of CPTi alloys were 0.10, 0.13 and 0.20 for O, respectively. Their microstructure was of equiaxed α grains with about 150 μm in diameter. The TiFeO alloy (Fe: 0.994, O: 0.386 mass%) was hot-forged and hot-rolled to a 43-mm-thick plate. The materials called T and L were cut from the plate parallel to transverse direction (TD) and rolling direction (RD), respectively. A part of the plate was hot-rolled along transverse direction (TD) to a 27-mm-thick plate, CR. A rectangular bar parallel to the RD of the 43-mm-thick plate was grooved-rolled into a square bar, 20 mm each side, CS. Four kinds of TiFeO materials, T, L, CR and CS were annealed at 1023 K for 3.6 ks. The microstructure of T, L and CR was of pancaked α grains elongated in both RD and TD. The CS exhibited equiaxed α grains with {hkl}<1-10> fiber texture.
Hourglass-type fatigue test specimens with 4.5 mm in waist diameter were machined. Force-controlled fatigue testing was carried out with the specimen either in the air (293 K) or immersed in liquid nitrogen (77 K). [Yuasa et al. (2011) ] The sinusoidal waveform loading was uniaxial with a minimum-to-maximum stress ratio (σ min /σ max ), R, of 0.01. The fractured samples showing internal crack initiation were chosen.
Fracture surface analyses
Fatigue crack initiation sites and fracture surfaces were analysed by scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Crack growth modeling
The initiation site was approximated for an ellipse as initial crack. The crack length, 2a, crack width, 2c, and distance from specimen surface to center of ellipse, d, were determined, where the direction of crack length was parallel to the initial crack propagating direction. Maximum fatigue crack size in Stage II was taken from the ripple mark on fracture surface. Striation marks on propagating plane were characterized experimentally to examine crack growth rate, da/dN. A linear fracture mechanics program, SCAN subsurface crack version [Nakanishi et al. (2006) ], was adopted to evaluate the stress intensity factor range, ΔK Imax = K Imax -K Imin of a subsurface crack. Calculation of the stress intensity factor by the influence function method [Shiratori (1995) ] is given in the reference of Hamada and Umezawa (2009) . Then the crack growth modeling based on the Paris equation was carried out.
where C and m are constants. The nonlinear effect of crack closure was neglected. Then the crack propagating life, Np was caluculated by the SCAN. As the number of cycles to failure, Nf was obtained in the experimental, the crack initiation life, Ni was defined as Figure 1 shows the relationship between crack growth rate and stress intensity factor range for the samples failed at 293 K. The crack growth rates among three CPTi alloys were almost the same, where no influence of strength on the rate was detected, i.e. type 1: C = 2×10 -8 , m = 1.19, type 2: C = 7×10 -9 , m = 1.56, and type 3: C = 2×10 -8 , m = 1.16. In the case of the TiFeO, the crack growth rates of the L, T and CR were approximately the same, although the rates were scattered because of their aligned α grain microstructure. However, the rate of the CS was higher than that of the others in high ΔK regime, i.e. L: C = 9×10 -8 , m = 0.68, T: C = 8×10 -8 , m = 0.65, CR: C = 2×10 -8 , m = 1.08, and CS: C = 5×10 -10 , m = 2.27. Fig. 1 . Crack growth rate analyzed at the position of striations and estimated stress intensity factor range for CPTi (a) and TiFeO (b) at 293 K. Lines in figures represent the data band in the reference of Gallagher (1983) .
Results and Discussion
Crack growth rate
Evaluated crack growth life
Based on the relationship between crack growth rate and stress intensity factor range, the Np was evaluated as shown in Figs. 2 and 3 . The Np for the CPTi is almost a smaller from a tenth to a hundredth than the Nf at 293 K (Fig. 2(a) ). It means that the subsurface crack initiation stage (Stage I) consumes the major part of cycles to failure Fig. 2 . The Np for the CPTi alloys at 293 K (a) and 77 K (b). The deviation of calculated crack propagation life in (a) represent the data band shown in Fig. 1(a) . in α titanium alloys as well as Ti-6Al-4V alloys. At higher stress level at 77 K, however, the ratio of the Np in the Nf is relatively high in both the CPTi (Fig. 2(b) ) and the TiFeO (Fig. 3(b) ). Although the Np of the L, T and CR is less sensitive to their stress level in Fig. 3 , the Np of the CS is shifted from low to high with the decrease of stress level at 293 K (Fig. 3(a) ). Microstructure may strongly affect on not only subsurface crack initiation but also initial crack growth (Stage IIa), although the Ni is mainly responsible for the data scattering of the Nf. Fig. 3 . The Np for the TiFeO materials at 293 K (a) and 77 K (b).
3D morphology of facet
The plane of facet at the crack initiation site revealed a roughness in micro-scale as the line profile A-B shown in Fig. 4 , so that the subsurface crack was generated through microcrack growth in a grain accompanying localized plastic deformation. In case of pancaked α grain structure, the planes of aligned facets in an initiation site exhibited almost the same inclination macroscopically against the principal stress axis as shown in Fig. 5 . It may be resulted from the aligned α grains with a similar crystal orientation. Furthermore the line protrusions on facets involved concavity and convexity with height of about 50 nm were detected even in the initial part of subsurface crack as shown in Fig. 6 . Therefore, random orientation distribution of α grains should be preferred to prevent the microcracking, its growth and coalescence of microcracks (facets). However, the refinement of α grain structure with random orientation of (0001) displayed the coalescence of facets to form an initiation site as shown in Fig. 7 . Microcrack growth on prismatic plane under shear stress may be responsible for the coalescence because of {hkl}<1-10> fiber texture in the CS. [Morita and Umezawa (2012) ] In order to increase high-cycle fatigue strength, therefore, the microstructural modification is necessary to take into account for preventing microcrack growth and its coalescence under shear stress mode as well as microcracking under microcrack opening stress on (0001). 
Conclusions
Fatigue crack growth modeling was performed to evaluate the crack propagation life under the Mode I crack growth condition for α or near α titanium materials failed by subsurface crack generation. Major results were concluded as follows:
(1) The modeling provided a good estimate of the stress intensity range for subsurface crack growth. Based on the relationship between crack growth rate and stress intensity factor range, the fatigue crack propagating life was successfully evaluated by the Paris rule. The crack propagation life was less than one-tenth the number of cycles to failure over 10 6 in the lower stress level.
(2) The subsurface crack was generated through microcrack growth accompanying localized plastic deformation. Since microstructure strongly affected on both microcrack growth and crack growth, it is necessary to take into account for the microstructural modification preventing microcrack growth and its coalescence as well as microcracking.
